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ABSTRACT 


This study was undertaken to investigate the effects of varying 
the injectant temperature and molecular weight on the flow field 
generated by the interaction of a secondary jet with a supersonic 
mainstream. The experimental portions of this investigation were 
conducted at a primary Mach number of 1.92 in the Naval Postgraduate 
School Supersonic Wind Tunnel. Data are presented and compared with 
theory. This presentation includes correlation of the penetration 
height of the secondary flow, interaction side force amplification 
factor, and separation distance non-dimensionalized with respect to 


the penetration height. 
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bist, OF SehBOLS 


Definition 
side force amplification factor 
nozzle throat area 
nozzle discharge coefficient 
pressure coefficient 
nozzle throat diameter 
interaction side force 
secondary nozzle thrust 
penetration height of secondary injectant 
constant from evaluation of the blast wave 
theory pressure distribution function 
integral 
Mach number 
secondary mass flow rate 
molecular weight 
pressure 
primary stream total pressure 
secondary stream total pressure 
dynamic pressure 
gas constant 
blast wave characteristic radius 
length of plate 
primary stream total temperature 
secondary stream total temperature 
flow velocity 


first order blast wave constant 


Symbol Definition 


ax boundary layer separation distance 
Va ee 

ratio of specific heats 
O 


separation angle 


Subscripts 


GO free stream 
p primary fluid 
S secondary fluid 
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I, INTRODUCTION 


Understanding of the interaction between a lateral jet and a super- 
sonic stream is the foundation for the implementation of jet reaction 
control systems currently being investigated for use in missile control. 
Recently a number of papers have been published on this subject ( Refs. 
ieee, 3, and 9] and each investigation contributes additional 
understanding of the overall complex problem. This study is intended 
to further the understanding of how the side force amplification factor 
is affected by the flow parameters; injection pressure, injection 
temperature, injection molecular weight and free stream Mach number. 
The significance of the separation distance and penetration height as 
a predictor of the amplification factor is also investigated. 

Many investigators [Refs. ie, aud 9| have been concerned with 
injecting a gas laterally through a flat plate mounted in a wind 
tunnel. In the present investigation, however, in order to eliminate 
flow blockage at low Mach number, the secondary gas was injected 
directly through the bottom of the tunnel. The boundary layer is, 
therefore, thicker than those associated with the flat plate. 

This investigation was performed in the Naval Postgraduate School 
supersonic wind tunnel at a Mach number of 1.92 by injecting gaseous 
nitrogen, helium and argon through a sonic nozzle mounted normal to 
the tunnel wall. The parameters varied during the experiment 
include injectant stagnation temperature and pressure, injectant 
exit area, and injectant gas (molecular weight and specific heat 


Eacio). 
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II... EXPERIMENTAL SET-UP 


The Naval Postgraduate School supersonic wind tunnel is a blow- 
down model with a 4-inch by 4-inch test section, 6 inches long. The 
tunnel is capable of approximately 5 minutes of continuous operation. 
Total pressure and total temperature of the primary flow were measured 
in the wind tunnel plenum chamber, and remained constant for each 
experimental run. 

The injection equipment used in this thesis was arranged as shown 
in Fig. 1. Figures 2 and 3 are photographs of the test set-up. 
Bottles of compressed gaseous injectant were obtained commercially 
and fed into the system through a pressure regulator. The flow was 
passed through a sharp-edged orifice flowmeter, into the heater, and 
onto the sonic nozzle mounted flush with the floor of the tunnel test 
section. 

The heating system was the same system used by Chrans and Collins 
[ Ref. 1 | and consisted of coiled steel tubing placed in an insulated 
container. An arc welder was connected across the ends of the coil 
and the coil was heated by passing an electric current through the 
steel tubing. The injectant gas was subsequently heated through 
contact with the hot tubing. 

Stagnation conditions were achieved between the heater and the 
nozzle by an expansion chamber developed by Chrans and Collins. 
Stagnation pressure and temperature of the secondary flow were 
measured at this point. Stagnation temperature was measured by means 


of a chromel-alumel thermocouple at the expansion chamber. 
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The two sonic nozzles used were simple converging nozzles with 
parallel side walls at the exit section as shown in Fig, 4. Exit 
diameters of 0.1406 inches and 0.075 inches were used during the 
experiment. The nozzle was fastened to the top of the expansion 
chamber and then mounted to the bottom of the tunnel. 

A special phenolic supersonic tunnel block was fabricated to 
allow gaseous injection directly through the floor of the tunnel. 

An aluminum plug was screw-fitted into the phenolic block to accomo- 
date the nozzle and to preyent heat damage to the test section. 
Forty-seven pressure taps were located on the floor of the tunnel in 
a pattern shown in Fig. 5. Measurements from these pressure taps 
were used to obtain interaction side force data, 

The pressures were measured at the pressure taps by a Scanivalve 
calibrated in inches of mercury vacuum. The measurements were 
recorded on a Honeywell Visicorder. 

Schlieren photographs on Polaroid 4x5 type 55 P/N positive-nega- 
tive film were taken of each run using an offset Schlieren system with 
collimating mirrors. An optical comparator was used to measure the 


penetration height and separation distance from the negative film. 
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III. EXPERIMENTAL PROCEDURE 


Although the wind tunnel block was designed to yield Mach 2.0, 
several experimental tare runs were made with no secondary injection to 
obtain the actual Mach number in the tunnel test section. The wind 
tunnel plenum pressure was held constant at 30 psi. Static pressure 
measurements varied between 4.20 and 4.40 psi. The average static 
pressure was calculated to be 4.34 psi. Using Table III of Ref. 2 the 
primary Mach number of the tunnel was determined to be 1.92 too 

Figure 6 depicts the run matrix for this thesis, showing the room 
temperature runs (1-16, 56-71) and the runs at higher temperature. For 
each run the primary stagnation pressure was held constant at 30 psi 
while the secondary stagnation pressure was varied from 20 psi to 
180 psi, giving a pressure ratio range of from 2/3 to 6. The following 
observations were made for each run: 


1. The static pressure at each of the 47 pressure taps was measured 
by a Scanivalve and recorded on a Visicorder. 


2. The differential pressure through the flowmeter was measured 
from a mercury manometer. 


3. The upstream flowmeter pressure was recorded by a pressure 
gauge. 


4. The injection total pressure was measured by a pressure gauge. 

5. The primary total pressure was measured by a pressure gauge. 

6. The total temperature of the secondary flow through the flow- 
meter was sensed, for mass flow measurement, by a chromel-alumel 
thermocouple and displayed on a portable potentiometer. 

7. <A Schlieren photograph was taken of the test section. 


A second chromel-alumel thermocouple was used to record primary 


and secondary stagnation temperatures in the following manner, For the 
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room temperature runs, primary total temperature was sensed by a 
chromel~alumel thermocouple and displayed on the potentiometer. ; 
Secondary total temperature at the nozzle was assumed to be the same 
as that through the flowmeter. For the high temperature runs, primary 
total temperature was assumed to be the average of the primary stagna- 
tion temperatures (510° R) in Runs 1-16, and total secondary tempera- 
ture at the nozzle was sensed by a chromel-alumel thermocouple in the 
expansion chamber and displayed on a potentiometer. 

Tare pressures were recorded without secondary injection and sub- 
tracted from corresponding pressures measured during injection. The 
resulting pressures were integrated over the affected area to obtain 
the interaction side force. 

Penetration height and separation distance were measured from the 
Schlieren photographs with the use of an optical comparator and then 


Semlliecdeteo the actual sizemotimthe testwsectiion, 
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IV. THEORETICAL BACKGROUND 


The investigation of interaction between primary and secondary 
streams requires extensive experimentation and the analysis of many 
variables. Penetration height, separation distance, side force and 
amplification ratio will be treated in this thesis in an attempt to 
establish correlations that will be useful in understanding inter- 
action phenomena. This investigation is limited to sonic injection of 
secondary gas normal to the primary stream. 

Figure 7 is a sketch of the flow field produced by secondary 
injection. This sketch is based on examination of Schlieren photo- 
graphs taken during the experimental runs. Figures 8 and 9 are typical 
Schlieren photographs. The penetration height h has been considered by 
most investigators as the characteristic length of the flow field. 

Photographs of the interaction phenomena indicate the boundary 
layer separates some distance ahead of the bow shock induced by 
secondary flow. This separation distance is important since, as de- 
termined by Zukoski and Spaid [ Ref. 3 | and confirmed by Koch [Ref. 4 |, 
the surface area ahead of the injector is subjected to the highest 
interaction pressures developed during secondary injection. 

Side force and the force amplification factor appear to be two of 
the most important parameters that must be understood by engineers 
engaged in the design and development of thrust vector control of 


missiles. , 
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A, PENETRATION HEIGHT 

Zukoski and Spaid have suggested a model of interaction flow based 
on hypersonic flow past a blunt body. Assumptions used in this model 
are as follows: 


1. Sonic injection into a uniform supersonic flow with no boundary 
layer. 


2. No mixing between primary and secondary flow. 


3. The blunt body to be a quarter sphere with a semi-cylindrical 
afterbody. 


4, The injectant gas remains within the confines of the blunt body. 
By balancing the profile drag of the blunt body against the change 
in momentum flux of the injectant gas, the radius of the blunt body can 
be found. Zukoski and Spaid suggest that the magnitude of this radius 
is representative of the penetration height of the secondary injectant. 
The relationship developed by Zukoski and Spaid is given by 


a — Tes + 

, - (iu 
bh ot (ke e2)j2/2) | (f) * 1) 
dJE Ma\ Po te / | %-| \Ktl ay 


Chrans and Collins investigated the effect of secondary temperature 
on the penetration height and detected no essential difference in this 
dimension as temperature was varied from 500°R to 1500°R and secondary 
stagnation pressure was held constant. They concluded that either the 
penetration height is a function of secondary momentum or at most a 
weak function of secondary total temperature. 

Cassel, Davis and Engh [ Ref. Sal employed a blunt body analogy 


of the flow field in a manner similar to the method of Zukoski and Spaid, 


i 


and developed an expression for penetration height given by 


5 i 
+ Ze 


— 2: _ - Psr 
be alien lal] (% . 


where q is the primary dynamic pressure. Values of q may be determined 


from Ref. 6. 


B. SEPARATION DISTANCE 

The separation distance, shown in Fig. 7, is defined as the 
distance from the center of the injection port to the beginning of 
flow separation due to lateral injection. 

A three-dimensional model suggested by Wu, Chapkis and Mager 
[ Ref. a assumes the separation shock to be conical and, by the 


geometry of the model, separation distance is given by 


mame =) COT Oo | (3) 


where @ is the separation shock angle. For this model the separation 
angle 8 is assumed to depend upon mainstream Mach number and the 

specific heat meee the secondary stream. References 6 and 8 give 
charts and tables allowing determination of the conical shock angle 6 


for various specific heat ratios and primary stream Mach numbers. 


C. SIDE FORCE AND AMPLIFICATION FACTOR 
In this study side force data are non-dimensionalized with respect 
to the jet thrust of the secondary flow to obtain a side force amplifi- 


cation feewvor. 
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Zukoski and Spaid state that if Equation (1) can be taken as a 
good approximation to the penetration height, then the side force 
generated on an infinite flat plate can be easily calculated as 


follows: 
re = { P-P., } dy dx (4) 


where F; is the side force contribution from the pressure field 


uo 


2 
resulting from interaction. Dividing through by P, h results in 


(5) 
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Since the integral in Equation (5) is evaluated in normalized coordi- 
nates, its value will depend only upon the free stream Mach number and 


specific heat ratio, that is 
0 = d{ Ms ) In § (6) 


Equation (5) can now be written 


F = Pe b{Mm,%et he (7) 


or for a given set of primary conditions 


- aa oie - 


Ws 


In further treatment Zukoski and Spaid suggest that for given free 


stream conditions 


vile 


F. oC mM. CR, Ts ()) 


They also state that for Sel Bye the thrust of a sonic jet, F; , can 
be written 
ae 
Z 
Fi x m, (R; Ter) (10) 


The total normal force due to injection is then 


z 
; Zz 
Fp + Fi oS ms (R Ter) (11) 
If the amplification factor is defined as the ratio of total force 
normal to the surface, normalized with respect to the thrust of the 


secondary jet, 


Fi + F5 (12) 


A 


th 





then the amplification factor is a constant for high pressure ratios and 
a given set of primary conditions. 
Dahm [ Ref. 9 | developed an expression for side force based on 


second order blast wave theory 


3 AL if : 2. 
F, agli [6 Ww,* Ma Ky" = i Ms Veo - 
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where 


Jaret -pi2 
ee eee! al + (2 )( Py Ter 
> Z = Rl Vp M09 Mis Ver 


Dahm states that the characteristic blast wave radius Ro Lsmdeccraibed 


by 


seas OO en We 
Rk, = (—-——* (14) 
a eo 


Solving @, from Equation (14) and substituting into Equation (13) it 


can be shown that since 


3 
Eee ee (15) 
and 
2 
Ww, ec R, (16) 
then 
2 
F, o¢ R, (17) 


After comparing the values for side force given by Equation (13) 
with experimental results, Dahm suggested that the equation be multi- 
plied by 0.51 to yield a semi-empirical equation that more closely 
correlates with experimental results. Dahm noted considerable scat- 
tering of the data at low secondary injection flow rates and suggested 


that these values were outside the range of validity of his theory. 
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V. EXPERIMENTAL RESULTS 


The results of these experiments were obtained for a single set 
of primary flow conditions. The primary Mach number was 1.92 a Onmol, 
the primary total pressure was held at 30 psi, and the primary total 
temperature was 510 Ram Other data were obtained by measuring the 
separation distance from photographs used by Chrans and Collins at 
Mach number 2.80 and a primary total pressure of 50 psi. 

The injectant pressure was varied from 20 psi to 180 psi to obtain 
pressure ratios from 2/3 to 6. Injectant temperature was varied from 
500°R to 1200°R to obtain temperature ratios of from 1 to 2.4. Nitro- 
gen, argon and helium were used as injectant gases to provide a sub- 
stantial range of molecular weight effects. The sonic nozzle exit 
diameter was also varied, 

In this experiment the discharge coefficient of the sonic nozzle 
was found by dividing the actual mass flow rate through the nozzle by 
the corresponding mass flow rate calculated for ideal gas assuming 
isentropic flow. The actual flow rate was measured with the use of a 
sharp-edged orifice flowmeter located in the injectant supply line. 
Figure 10 is a plot of discharge coefficient versus the inverse square 
root of nozzle exit Reynolds number. These results are in agreement 
with the discharge coefficients calculated for the same nozzle in 


Ret ie 


A, PENETRATION HEIGHT 
The penetration height of the injectant was scaled from the 


Schlieren photographs which were made of each run. The depth of 


a2 


penetration was taken as the maximum height reached by the under- 
expanded jet above the surface of the tunnel floor. This distance 
was easily determined for all runs using nitrogen or argon as the 
injectant. When helium was used as the injectant, lack of definition 
in the photographs limited determination of penetration height to a 
few suns) using the larger injection nozzle. 

Figure 11lis a plot of the non-dimensional penetration height as 
a function of the ratio of secondary to primary total pressure. Good 
agreement is obtain both with the theory of Zukoski and Spaid and with 
othe theory of Cassel, Davis and Engh, with the latter more closely | 
correlating with the experimental data. A mean curve scaled from the 
experimental data of Koch is plotted for comparison. It appears that 
for the lower primary Mach number and pressure (M, =1.92, ae versus 
Mp2 3.0. Ege) slightly better agreement is obtained with both Zukoski 
and Spaid theory and Cassel, Davis and Engh theory. 

Although the stagnation temperature ratio was varied up to a 
factor of 2.4 while holding the secondary stagnation pressure constant, 
no essential difference in the penetration height could be detected. 
This is in agreement with the observation of Chrans and Collins. 
Within the limit of data scatter the penetration height does not 


appear to be a function of molecular weight. 


B. SIDE FORCE 

In Figs. 12 and 13 interaction side force is plotted against the 
blast wave characteristic radius and the penetration height, respective- 
ly, for comparison with theory. Zukoski and Spaid derived the 


relationship 


me hs = 
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and Dahm derived the relationship 


z 
Em Comins C2 


In Fig, 12 it is shown that the Dahm theory is in reasonable agreement 


with the data at the higher values of R,? however, the function 
F. oc Ry (18) 


appears to more closely describe the general trend of the experimental 
data. 

In Fig. 13 the data is more scattered than in Fig. 12 since his a 
measured quantity as opposed to RA which is a calculated quantity. 
Since Chrans and Collins determined that a unique relationship exists 
between h and Ry? it would appear that an exponent of unity, rather 
than the value 2 predicted by Zukoski and Spaid, would more closely 


describe the trend of this data also. 


C, SEPARATION DISTANCE 

Separation distance was taken as the distance from the center of 
the injection point upstream to the intersection of the separation 
shock and the floor of the tunnel. This distance is non-dimensionalized 
with respect to the penetration height and plotted in Figs. 14 and 15 
versus total pressure ratio multiplied by effective nozzle diameter. 
This pressure ratio, with correction, can be considered non-dimension- 
alized with respect to some tunnel dimension here taken as unity for 


convenience. 
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Figure 14 is a plot of data taken from photographs used by Chrans 
and Collins at Mach number 2.80. An unscaled curve representing the 
data of Fig. 14 is plotted on Fig. 15 for comparison with data for 
Mach number 1.92. The values predicted by the theory of Wu, Chapkis 
and Mager show good agreement with experimental values although the 
data do not appear to be dependent on the Mach number or the ratio of 
specific heats, as predicted by Wu, Chapkis and Mager theory. 

AX 


A physical interpretation of the parameter 2 is given by Wu, 


Chapkis and Mager as 


a =——COlm> (19) 


where 9 is the separation angle. An examination of Schlieren photo- 


graphs, however, indicates that arccot OTs not physically the same 


h 
as the separation angle and indeed may sometimes be larger and some- 
times be smaller than the separation angle, depending upon the distance 
between the nozzle centerline and the induced bow shock. The physical 
difference between arccot 4 and 9 may account for the difference in 
trend between theory and experimental data. 
A plot of separation distance versus secondary momentum flux is 


shown in Fig. 16. Data correlation is noticeably better than that 


observed in Fig. L5. 


D,. AMPLIFICATION FACTOR 

The side force amplification factor is plotted against secondary 
momentum flux in Fig. 17, and total pressure ratio corrected for 
nozzle diameter is shown in Fig. 18. A curve representing the data of 


Koch for Mach 2.80 is presented for comparison in both figures, along 


Zo 


with the semi-empirical curve of Dahm. From Figs. 17 and 18 it can be 
observed that the amplification factor decreases with increasing 
stagnation pressure ratio and increasing momentum flux. In each plot 
the amplification factor appears to be asymptotically approaching a 
value in the range 1.5 to 2.0. This approach to a constant amplifi- 
cation factor at high pressure ratios agrees qualitatively with the 
theory of Zukoski and Spaid. Considerable scatter in the data can be 
observed in the area of low injection pressures. At the higher injec- 
tion pressure eer scatter is reduced and better agreement is 
obtained with the theory of Dahm and with the data of Koch, There 
appears to be no systematic dependence on primary Mach number. 

Figure 19 is a plot of amplification factor versus secondary mass 
flow rate, and Fig. 20 is a plot of amplification factor versus 
secondary stagnation temperature. Experimental runs represented by 
these data were conducted at a constant secondary stagnation pressure 
of 120 psi with secondary stagnation temperatures from 510°R to 
1200°R. Although molecular weight variations introduce some variation 
in momentum flux, the difference is not considered significant and the 
data may be considered to be for constant momentum flux as well as 
constant injection pressure. Figures 19 and 20 indicate that no 
essential difference in amplification factor is obtained by heating of 
the injectant gas and, since amplification factor remains essentially 
constant for different mass flow rates at constant injection pressure, 
the amplification factor does not appear to be mass dependent. 

Figure 21 is a cross-plot of amplification factor and separation 


distance non-dimensionalized with respect to penetration height. 
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AX 
The amplification factor increases with increasing — and may be 


h 


empirically described by 


iS 
Ae= OnGs (| (20) 


Good correlation of the data with this empirical equation is 


indicated for all injectant gases, all injectant stagnation tempera- 


tures and both nozzle diameters. 


Za 


VI. CONCLUSIONS 


Penetration height increases with increasing total pressure ratio 
and is well predicted by the theory of Zukoski and Spaid and the theory 
of Cassel, Davis and Engh, At Mach number 1.92 the theory of Cassel, 
Davis and Engh is in better agreement with experimental data than the 
theory of Zukoski and Spaid, The significance of primary Mach number 
and pressure as scaling parameters of penetration height appears to be 
correctly given by the theory of Zukoski and Spaid. The penetration 
height is not a function of injectant stagnation temperature, or is at 
most a weak function of that temperature. 

The trend in the amplification factor toward a constant value at 
high pressure ratios supports the theory of Zukoski and Spaid. Also 
at high pressure ratios the experimental values of amplification factor 
are well predicted by the theory of Dahm, although for low injection 
pressure ratios there is considerable variation between theory and 
experimental data. 

Separation distance non-dimensionalized with respect to penetration 
height decreases with pressure ratio and secondary momentum flux in 
the same manner as does the side force amplification factor. Since it 
has been shown by several investigators that the area upstream of the 
injection nozzle is subjected to the greatest increase in pressure due 
to interaction, a close relationship between the separation distance 
and the amplification factor is not unexpected. The correlation 


between these two parameters is empirically given by 
3 
Bx 
A = Of65 (=~ ) (20) 
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which is shown by the data to be independent of, or at most a weak 
function of, injection stagnation temperature. 

For constant injection stagnation pressure the amplification 
factor is essentially independent of injection stagnation temperature 
and secondary mass flow rate. The data tend to support the conclusion 
that the side force amplification factor is a function of secondary 
momentum flux. 

Within the scatter of the data experimental results indicate that, 
for constant secondary momentum, the side force amplification does not 


vary with changes in molecular weight of the secondary gas. 


29 





) absoyosiq jauuny purm|y 
JQJ9WONUIIOY [HO 

2IUIAAzOY Uujyog BdI1d 
Ajddng samog saonpsunsat dVIO 
Aiddns 30¢0g saonpsuciy | 
A\cdNS 490g soddajs iw 
saonpsuosy dVI7 
aidnosowzsy, lal y 

soqwoyyd uoisunocxg Moyle 
DAJOA F133054 f | | 

SD yUoOa!uy aunssasg Ubi] H 
aidnosowsay) dy 19 
ajdnotowag Wp asp: 4 






JILVWSHOS LNSWLdINoOJ 
t aynol 


(1Nd1iNO) 


~e--O 


YSQHODISIA 





XxOg 
TOYNLNOD 
JAWAINVOS \ 





lle 


| 
7 =I mi i 
ay 
mall WNN31d 
Lt if 





AQ} 4 
K s0w liq 


JaUUN] PUM 





=X 
| 
I 


H 


30 





VCR, eZ 
PHue@OM@eAPH OF TEST SETUP 





ae 
FIGURE 3 
PHOTOGRAPH OF TEST SETUP 


oe 


Ba 


lag 


L2 








3/8 Inch O.D. 
035 Wall 
Siainiess Steal Tube 


.600 DIA 


Scale 4°= I" 


FIGURE 4. SONIC NOZZLE DIAGRAM 


32 


NOILOSS 1S31 430 M3IA dol 
G 3YNSIS 


‘GA} ‘GAY 
OOS’ Gel 


sdoj ainssaag———/ 


Aiqwassy 10jdafu| 


‘A 


OS2 









d =0.1406 





§ 
a 


iS UJ Q 
Piel |. A ef fet fd a 


SORES SANS Sa 


NITROGEN 
UDR. ia r eisiisls] fale 
a 


| 





* RUN #45 Ts7 = |030° 


FIGURE 6. 
EXPERIMENTAL RUN MATRIX 


34 








Pot BOW SHOCK 
SEPARATION 
DISTANCE INJECTANT 
SEPARATION 
SHOCK 
STEREOS Ih r0 LAS 020 Van sete y 
iN 
d 
TURBULENT BOUNDRY LAYER 
FIGURE 7. 


FLOW FIELD SKETCH 





“asks 


+54) 40 100 
SYYNDS BSHBANI ‘SA LNBO14d300 ZOYVHOSIG 31ZZON 


Ol SYNSIS 


2 (+ey) 
bt 





O00Zb +51>.01 _ pepous 


SLOO= P 0109 peb6o, 5 


uotuy O 
Wma V 
us6oi4iIN © 
26 1= OW 
CJ or ok = 
V 
3 e CJ on 
se) y Ne ) 
w O ea” 


37 


OlLWY SYNSSSYd WLOL SA LHOISH NO!WYLSN3Sd TWNOISNSWIC- NON 


Il SYN 


a6es2i9s € 2 | 





JBQUNN YDDW 204 P2}09S 
yooy Ag 010Q 40 au!) UDa_W ———-—— 


Ksxoay), y6ug pub siang ‘jassog ~~ ZA 
Ksoey| piods pub 14sOoK¥NnZ 






2 fP 
002zI> +515 .01g KE = 
sun D ol 
(suNyg) 00g papoys EE uobiy [) © 
winwaH V7 
u2a60oJiIN O v 


26 1 SW S 


38 


ZO 90 


c00z1> +5. 5.016  papous 
GZO'O =P 0309 pabbo)4 
uobsy 
WwniaH 7 
UaOUIN © 
261=W 





SAIOVY 
JILSYESALOVYVHD SAVM LSV18 ‘SA 30Y4OS AdIS NOILOVYS_LNI 


él AYNSIS 
Oy 
SO vo €0 ZO 
© 
1@ 
/ of 
Vac 
V/ OF 
Po 
Asoayu, | 
S,wudqg 


SO 


0'| 


ore 


Ox 


Ov 


a0 


LHSISH NOWWYLSANAd ‘SA 394804 Adis 
el SyunNdis 


u 
20 90 SO ¥O €¢0 cO ne 





Z=U AsOaU] PlDdS puo 1¥s04NZ 





i 
oS 


O0ZI+S1> 0G ,, papous 


GZ00=P 040g pa66n) 5 
uobiy C) 





wniaH V 
va6ouin © 
26 |= OW 








40 


"YALAWVIG 31ZZON YO GALOSYYOO OlWY SYNSSAYd WLOL SA yo 
bl 3YNdI4 


dda 7 apts, 
608020 90 SO +0 ° ¢0 


cO ro 





000S1 > +5, 5.00 0109 pepous 


G 
vobay 0 "SUI|[OD PU SUDIYD Kg 
wniaH V S{UaWAdKy WO0J4 paosnpay 010g 
ua6oijINn © 


O8'c = OW 


YSLAWVIG 31ZZON r 
YOJ G3LOSYHOO O1LVY SYNSS3Yd WLOL SA WwW 


Sl SYNSIS 


ddyy arp tSy 
6080 £0 90 SO ¥0 €0 ZO 0 


2 = nell 12 OW OVE X 
—= - uae: A OBEN Ob, 
| © O82="W LIES 









. 19) 
NMOZI5151 5 DIS 


(suny 8) | papous 
G20°O=P 040q pabbo)/4 
uobsy 1 O8'Z= OW 'SUlI|OD puy 
SudiyD Ag syuawuedx3 wol4 
wnijaH V peonpeay o70Gg JO dur UDO-: 
UaB04IN © Kioay) sa60w puo sidoys ‘na - —— 


261 = NW 


42 


X14 WALNSWON ANVONOD3S “SA -x 


91 SYNSIA 


SA Sw 


08 OL 09 OS Ov Of O¢ Ol G 





e00Zi> +5; 501g E 
(Suny 8) 040Q PaepoUsS 
G20 O=P 0109 pe660) 4 


wniaH V S 
vobsy CO) Asooy | J260-W puo sijdouy ‘nM 





uebosIIN O 


c61="WN 


43 


“XM 14a WOLNSWOW AYVONODSS ‘SA YOLOVS NOLLVOISITdWY 3040S 
21 3YNdIS 





eCozl> +5) 5.016 


(sunyg ) Pepous S 


ee ere 
vobiy (Swyod ) |OdlIdw3-1WesS 
WOH VY 
ua6o3jIN O 


c6 |=eW 


44 


‘YALAWVIG 31ZZON YOS GSLOSYNOO OILVY 
SYNSS 3d WLOL SA YOLOVS NOILVOISITdWY 30404 


81 SYNdIs 





O 
Migie= kk So0\S 
(suny 8) ,, Papous D 
GZ0'O= P 03qQ pabbo\4 
O8'c= OW 
uotiy — yooy Ag 010g jo aul] uoay ———_— 
wna V ($, WYO) |O9!41dw3—1Wag 





uaboyIN © 
261 =@W 


45 


(ozi= +54) 
JAVY M013 SSVW AYVONODSS ‘SA HOLOV4 NOLLVOLITdWY 39403 


61 SAYNSIS 


Ol 80 20 90 SO +0 €O cO 





uobuy 2 


o00zI> +S; 5,01¢ 80 Papous wneH Ve 
uaboyin O 


9001 O= P c6 1= 7AN 


46 


-(oz1=4Sy) aunuvYyadWAL 
WLOL AYVONOOSS’SA HOLOV4 NOWWOIEIIdWY 30404 


O¢ 3AYNSIS 
1S) 


O0O0v! 002 | OCOOl O06 00é 002 009 00S 





uohiy 


WwniaH V 
uabosjIN O 
90P~I10=P ZE6E1=°-W 


47 





© 
© 
Oo O Mo =1.92 
© Nitrogen 
0 A. Helium 
ae [| Argon 
A ~/ A Flagged Data d=0.075 
Shaded " 5I0°< TIg7<1200° 
* 
1.5 
A -0.65( 44) 





FIGURE 2l 


SIDE FORCE AMPLIFICATION FACTOR vs. -2%* 


48 


LIST OF REFERENCES 


AIAA Paper No. 69-1, The Effect of Stagnation Temperature and 


Molecular Weight Variation of Gaseous Injection into a Supersonic 
Stream, by L. J. Chrans and D. J. Collins, January 1969. 


Liepmann, H. W. and Roshko, A., Elements of Gas Dynamics, John 
Wiley and Sons, Inc., 1957, 


Zukoski, E. E., and Spaid, F. W., "Secondary Injection of Gases 
into a Supersonic Flow,'' AIAA Journal, 2, p. 1689-1696, October 
1964. 


Koch, L. N., The Effect of Varying Secondary Mach Number and 


Injection Angle on Secondary Gaseous Injection into a Supersonic 
Flow, A. E. Thesis, U. S. Naval Postgraduate School, Monterey, 


Samrtornia, 1969, 


U. S. Army Missile Command Report No. RD-TR-68-5, Lateral Jet 
Control Effectiveness Prediction for Axisymmetric Missile 
Configurations, by L. A. Cassel, J. G. Davis and D. P. Engh, 
June 1968. 


NACA Report 1135, Equations, Tables and Charts for Charts for 
Compressible Flow, by Ames Research Staff, 1953. 


Wu, J. M., Chapkis, R. E., and Mager, A., ‘Approximate Analysis of 
Thrust Vector Control by Fluid Injection," American Rocket 
Society Journal, p. 1677-1685, December 1961. 


Hammitt, A. G., and Murthy, K. R. A., "approximate Solutions for 
Supersonic Flow over Wedges and Cones," AFOSR TN 59~304, Rep 
449, Princeton Univ., April 1959. 


Vidya Technical Note No. 9166-TN-3, The Development of an Analogy 
to Blast Wave Theory for the Prediction of Interaction Forces 


Associated with Gaseous Secondary Injection into a Supersonic, 
by T. J. Dahm, May 1964, 


49 


INITIAL DISTRIBUTION LIST 


Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Library 
Naval Postgraduate School 
Monterey, California 93940 


Professor D, J. Collins 

Department of Aeronautics 

Naval Postgraduate School 

Monterey, California 93940 
Chairman, Department of Aeronautics 
Naval Postgraduate School 

Monterey, California 93940 


. Commander 


Naval Air Systems Command 
Headquarters 
Washington, D. C. 20360 


AIR-03C #@ 


AIR-310 (1) 
ATR- 320n@ly 
AIR-330B (1) 
AIR-536 (1) 


AIR-5366 (1) 
AIR-5367 (1) 
AIR-538 (1) 
AIR-303 (1) 


Commander : 

Naval Ordnance Systems Command 
Headquarters 

Washington, D. C. 20360 


ORD-03B (1) 
ORD-033 (1) 


Chief of Naval Research 

Dr. Ralph Roberts (Code 429) 
Navy Department 

Washington, D. C. 20360 


50 


No. 


Copies 


Naval Ordnance Station 
Drerwc. Testi (CoderRR) 
Indian Head, Maryland 20640 


Army Missile Command 

Research and Development Directorate 
Redstone Arsenal 

Huntsville, Alabama 35809 


Propulsion Laboratory, F. James (1) 
Library (1) 


Commander 
Naval Weapons Center 
China Lake, California 93555 


Code 608 (1) 
Code 451 (1) 
Code 458 (1) 
Library el) 


Commander 

Naval Ordnance Laboratory 
White Oak 

Silver Spring, Maryland 20910 


Code 310 (1) 
Library (1) 


Commanding Officer and Director 
Naval Ships Research and Development Center 
Washington, D, C. 20007 


Code 600 (1) 
Library Cl) 


Applied Physics Laboratory 
8621 Georgia Avenue 


Silver Springs, Maryland 20910 


Air Force Aero-Propulsion Laboratory 
Wright-Patterson Air Force Base, Ohio 45433 


APG (1) 
APX (1) 


Air Force Armament Laboratory 
Fglin Air Force Base, Florida 32544 


ATW (1) 
ATZ (1) 


oy 


LG. 


Le 


Ss, 


roe 


20° 


Zale 


Air Force Rocket Propulsion Laboratory 7 
Edwards Air Force Base, California 93523 


RPM (1) 
RPMC (1) 
RPPP (1) 
RPR (1) 
RPRE (1) 
RPRP (1) 
RPX (1) 


Air Force Flight Dynamics Laboratory L 
Wright-Patterson Air Force Base, Ohio 45433 


CO, Navy Space Systems Activity 1 
Hq. Air Force Space Systems Division 

Air Force Unit Post Office 

Los Angeles, California 90045 


Commandant of the Marine Corps (Code A03C) 1 
Headquarters, U. S. Marine Corps 
Washington, D. C. 20380 


James Carson Breckinridge Library 1 
Marine Corps Development and Educational Command 
Quantico, Virginia 22134 


Captain Russel A. Chambers 1 


3028 Hiawatha 
Kansas City, Kansas 66104 


DZ 


Security Classification 


DOCUMENT CONTROL DATA-R&D 


(Security classilication of title, body of abstract and indexing annotation must be entered when the overall report is classified 


. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION 











Naval Postgraduate School 
Monterey, California 93940 


2b. GROUP 


3. REPORT TITLE 





The Effect of Varying Secondary Stagnation Temperature and Molecular Weight on the 
Side Force Generated by Gaseous Injection into a Supersonic Stream 


4. OESCRIPTIVE NOTES (Type of report and, inclusive dates) 


Master's Thesis; October 1969 


5. AUTHOR(S) (First name, middle initial, last name) 
Russel Allen Chambers 


6. REPORT DATE Ja. TOTAL NO. OF PAGES 7b. NO. OF REFS 
October 1969 ot 9 


8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR’S REPORT NUMBER(S) 





6b. PROJECT NO. 


96. OTHER REPORT NO(S) (Any other numbers that may be assigned 
this report) 


10. DISTRIBUTION STATEMENT 


This document has been approved for public release and sale; its distribution 
is unlimited. 


1t. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, California 93940 


13. ABSTRACT 


This study was undertaken to investigate the effects of varying the injectant 
temperature and molecular weight on the flow field generated by the interaction of a 


secondary jet with a supersonic mainstream. The experimental portions of this 


investigation were conducted at a primary Mach number of 1.92 in the Naval Postgraduate 


School Supersonic Wind Tunnel. Data are presented and compared with theory. This 
presentation includes correlation of the penetration height of the secondary flow, 
interaction side force amplification factor, and separation distance non-dimension- 


alized with respect to the penetration height. 


DD o"..1473 = (Pace 1) 


S/N 0101-807-6811 53 Security Classification 13 toe 


~ Security Classification 


Supersonic 
Interaction 
Side force 
Injection 
Secondary jet 


Heating 


DD Vove 1473 (BAck) 


re 
‘ ; : : —- 
S/N 0101+807-6821 54 Security Classification A-31409 

















thesC345 


ws VUHN 





